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In the obese Zucker rat (OZR), classically considered as a model of the metabolic syndrome based on chronic hyperphagia subsequent to a disruption of leptin signaling at its receptor, we (16, 19) and others (40, 41) have demonstrated that basal perfusion and/or functional hyperemia can be compromised through adrenergically based elevations in vascular resistance (19, 35) or increased adrenergic signaling (31) , alterations to vascular endothelial function that can impact myogenic activation (21) and multiple parameters of dilator responses (7, 8, 16, 23, 25, 37) . However, an understanding of how this array of contributors to an integrated vascular/perfusion-based outcome relevant for skeletal muscle performance or fatigue resistance has proven to be an exceptionally difficult process, owing to difficulties in translating results in isolated tissues/ex vivo preparations to the functioning intact system, the inherent complexity of studying multiple processes simultaneously and the challenges of accurately integrating the concepts of space (location) and time into system behaviors and outcomes.
In our recent studies, we have provided evidence that the ability of in situ skeletal muscle of OZR to resist fatigue under conditions of elevated metabolic demand is partially a function of the inability to reduce the aggregate vascular resistance through the microvascular network (which was largely dependent on reducing adrenergic constrictor tone) and elevate oxygen extraction and conductance within the distal microcirculation (which was predominantly related to elevated vascular oxidant stress and the effects of the increased vascular production of thromboxane A 2 , TxA 2 ) (15, 16) . While alterations to skeletal muscle performance with either adrenoreceptor blockade or antioxidant treatment/PGH 2 /TxA 2 receptor antagonism were trivial, the combination of these interventions effectively resulted in a maximal improvement to perfusion, O 2 extraction, O 2 conductance (a lumped parameter describing skeletal muscle oxygen flux that reflects all of the resistances for O 2 in moving from red blood cell to muscle fiber mitochondria; Ref. 38) , resulting in significant improvements to muscle oxygen uptake (V O 2 ) and contractile performance. These observations, which help to identify the specific role of microvascular dysfunction in limiting V O 2 and muscle performance at low, moderate, and near-maximal metabolic demand, are especially intriguing, given the results from previous studies, which suggested that one of the defining characteristics of PVD and a poor perfusion outcome in OZR is an increasingly heterogeneous blood flow distribution at microvascular bifurcations within skeletal muscle (16) . While that study provided an initial insight revealing the presence of increased perfusion heterogeneity at bifurcations, those results focused on only the distal microcirculation and provided no insight into either the presence of perfusion heterogeneity at different levels of the microcirculation or how contributing elements to this effect might vary with longitudinal position within the networks (16) . In addition, those previous data provided no information regarding the functional outcomes or implications that result from the increased perfusion heterogeneity.
The primary purpose of the present study was to interrogate the presence of the increased perfusion heterogeneity at four distinct levels of the skeletal muscle microcirculation of OZR, to determine the physiological mechanistic contributors to this process (and if they vary with position within the microcirculation), and to predict the functional implications of this process for perfusion patterns within the distal levels of the microcirculation. A secondary purpose of the present study was to use indicator dilution analyses in intact skeletal muscle to determine the presence and impact of increased microvascular perfusion heterogeneity in skeletal muscle of OZR and the role of the physiological mechanisms determined at the higher level of resolution (individual bifurcations) in contributing to these outcomes. Specifically, these studies tested the hypothesis that the presence of increased heterogeneity of perfusion distribution at successive bifurcations within the skeletal muscle microcirculation results in severe impairments to distal arteriolar blood flow distribution and is a major contributor to the impaired muscle performance outcomes that have been previously demonstrated in OZR (15, 20) .
MATERIALS AND METHODS

Animals.
Male lean Zucker rats (LZR; total n ϭ 26) and obese Zucker rats (total n ϭ 102), purchased from Harlan (Madison, WI), were fed standard chow and drinking water ad libitum and were housed in the animal care facility at the West Virginia University Health Sciences Center or the Medical College of Wisconsin. All protocols received prior Institutional Animal Care and Use Committee approval. At ϳ17 wk of age, rats were anesthetized with injections of pentobarbital sodium (50 mg/kg ip) and received tracheal intubation to facilitate maintenance of a patent airway. In all rats, a carotid artery and an external jugular vein were cannulated for determination of arterial pressure and for infusion of supplemental anesthetic and pharmacological agents, as necessary. Any animal in which mean arterial pressure (MAP) was found to be below 85 mmHg, or where MAP had decreased by more than 15% from that following equilibration (without any pharmacological intervention) was not used in the present study. Blood samples were drawn from the venous cannula for determination of glucose and insulin concentrations (Millipore, Billerica, MA), as well as cholesterol/triglyceride levels (Wako Diagnostics, Richmond, VA), and nitrotyrosine (Oxis International, Foster City, CA). Unless otherwise noted, all drugs and chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Preparation of in situ cremaster muscle. In each rat (LZR n ϭ 16; OZR n ϭ 74), an in situ cremaster muscle was prepared for study using intravital microscopy, as described previously (16) . After completion of the in situ cremaster muscle preparation, the tissue was continuously superfused with physiological salt solution (PSS) equilibrated with a 5% CO 2-95% N2 gas mixture, and maintained at 35°C, as it flowed over the muscle. Volume flow rate was ϳ3.0 ml/min. The ionic composition of the PSS was as follows (in mM): 119.0 NaCl, 47 KCl, 1.6 CaCl 2, 1.18 NaH2PO4, 1.17 MgSO4, 24.0 NaHCO3, and 0.03 disodium EDTA. Arteriolar diameters were measured with a video micrometer. Following a 30-min period of equilibration following the surgical preparation, arterioles and bifurcations within five distinct diameter categories were selected for investigation; ϳ100 m (1A), ϳ80 m (2A), ϳ60 m (3A), ϳ40 m (4A), and ϳ20 m (5A) in diameter. This resulted in four "bifurcation categories": 1) ϳ100-m "parent" to ϳ80-m "daughters" (1A-2A), 2) ϳ80-m parent to ϳ60-m daughters (2A-3A), 3) ϳ60-m parent to ϳ40-m daughters (3A-4A), and 4) ϳ40-m parent to ϳ20-m daughters (4A-5A). Arterioles/bifurcations were selected based on the following criteria: 1) distance from any site of incision, 2) presence of significant vascular tone (assessed by brisk dilator response to challenge with 10 Ϫ3 M adenosine), 3) clearly discernible walls, 4) a rapid and stable level of erythrocyte perfusion, and 5) the presence of two clearly defined daughter branches that also met criteria [1] [2] [3] [4] . Please see Fig. 1 for a schematic representation of these concepts.
The mechanical (using on-screen video microscopy) and perfusion (using optical Doppler velocimetry) responses of both the parent and daughter arterioles within a bifurcation class were assessed under resting conditions within the cremaster muscle of each rat. All procedures were performed under control conditions in LZR and OZR, and following treatment of the in situ cremaster muscle with the antioxidant TEMPOL (10 Ϫ3 M), the TxA2 receptor antagonist SQ-29548 (10 Ϫ4 M), the nitric oxide synthase inhibitor L-NAME (10 Ϫ4 M), and/or the ␣1/␣2 adrenergic receptor antagonist phentolamine (10 Ϫ5 M); within the superfusate solution. All treatments to the cremaster were of a minimum of 40 min duration prior to any subsequent experimental manipulation.
Interrogation of arteriolar bifurcations. Within each animal, the numbers of bifurcations of each order that were studied differed depending on longitudinal position in the arteriolar network. Bifurcations spanning 1A-2A arterioles averaged 1 or 2 per animal, while bifurcations spanning 3A-4A and 4A-5A arterioles averaged between 3 and 4 per animal. For an individual measurement, arteriolar diameter and erythrocyte velocity were sampled for 10 s. All arterioles and bifurcations were selected on the basis of the criteria outlined above and were placed into their categories by size rather than by strict branch number. This was done as our experience demonstrated that branch order classification limited data collection, as frequently not all inclusion criteria could be satisfied. Fig. 1 . Schematic representation of the in situ cremasteric arteriolar bifurcation used for assessing "parent" and "daughter" arteriolar mechanical and hemodynamic/perfusion responses to pharmacological challenge. Open arrows represent parent or daughter arteriolar diameter in response to a specific condition; solid arrows represent parent or daughter arteriolar erythrocyte velocity in response to a specific challenge. These data are utilized to determine both arteriolar flow volume and perfusion heterogeneity at bifurcations (␥). Please see text for additional detail.
No cremaster muscle was exposed to all interventions, as this would have compromised data quality owing to experiments of excessive duration. In addition to the collection of responses under control conditions, individual cremaster preparations were exposed to a maximum of three interventions, each separated by ϳ30 min of washout. Treatment or washout effectiveness was verified by determining abolition or recovery of mechanical responses following challenge with appropriate agonists (e.g., the ␣ 1 adrenergic antagonist phenylephrine, the stable TxA 2 mimetic, U-46619, and the endotheliumdependent dilator agonist, ACh). Maximum experimental duration from preparation to termination was approximately 5 h, after which time, all animals were humanely euthanized by an intravenous overdose of anesthetic followed by a bilateral pneumothoracotomy.
In the present study, blood flow within a parent arteriole was measured directly, with ␥ reflecting the proportion in the daughter arteriole with the higher perfusion. Within an individual arteriolar bifurcation, the maximum disparity between parent arteriole blood flow and the summated daughter arteriolar perfusion did not exceed 15%. If this error were consistent in terms of magnitude and direction, this could lead to a biased outcome on the distal arteriolar perfusion distributions. However, there is no a priori reason to believe that this would be a consistent error in terms of artificially increasing or decreasing Q determination, and it is more likely that measurement errors would be randomly distributed. To the extent possible, all measurements within an experiment were taken at the same arteriolar bifurcation sites within a specific animal. However, this was not possible in every animal, owing to alterations to visibility that can develop with time and interventions in this experimental preparation.
Preparation of in situ blood perfused hindlimb. In a separate set of age-matched LZR (n ϭ 10) and OZR (n ϭ 28), the left hindlimb of each animal was isolated in situ (20) with minor modifications. Heparin (500 IU/kg) was infused via the jugular vein to prevent blood coagulation. Subsequently, an angiocatheter was inserted into the femoral artery, proximal to the origin of the gastrocnemius muscle to allow for bolus tracer injection. Additionally, a small shunt was placed in the femoral vein draining the gastrocnemius muscle that allowed for diversion of flow into a port that facilitated sampling of the venous effluent. Finally, a microcirculation flow probe (Transonic, Ithaca, NY; 0.5/0.7 PS) was placed on the femoral artery to monitor muscle perfusion. In individual experiments, rats received intravenous infusion of the ␣ 1/␣2 adrenoreceptor antagonist phentolamine (10 mg/kg), TEMPOL (50 mg/kg), and/or SQ-29548 (10 mg/kg). Effectiveness of these interventions was assessed by monitoring the changes in arterial pressure in response to intravenous infusion of phenylephrine (10 g/kg), methacholine (10 g/kg) or U-46619 (10 g/kg), respectively (15, 16) .
Upon completion of the surgical preparation, the gastrocnemius muscle was allowed 30 min of self-perfused rest. At this point, 20 l of 125 I-labeled albumin (10 Ci; Perkin-Elmer, Shelton, CT) was injected as a spike bolus (injection time Ͻ0.5 s) into the arterial angiocatheter, and venous effluent samples were collected at a rate of 1/s for the subsequent 35 s. Venous effluent samples were then immediately transferred into silicate tubes and placed into a gamma counter for activity determination. Each rat received an intravenous infusion of homologous donor erythrocytes suspended in PSS at the individual animal's hematocrit (ϳ45%) to replace the lost volume, and this was allowed a minimum of 20 min for circulation prior to subsequent intervention. To assess the potential for leakage of the labeled albumin from the intravascular space as a source for error, the gastrocnemius muscle was cleared by perfusion with physiological salt solution following euthanasia. Subsequent to a determination of mass, the muscle was placed in the counter for determination of residual activity. Residual activity within the gastrocnemius muscle did not exceed 200 cpm/animal, a level that was far lower than those determined in the venous blood aliquots. All protocols had received prior approval from the Radiation Safety Office at the West Virginia University Health Science Center.
Data and statistical analyses. Arteriolar perfusion in both parent and daughter vessels within in situ cremaster muscle of LZR and OZR was calculated as
where Q represents arteriolar perfusion (nl/s), V represents the measured red blood cell velocity from the optical Doppler velocimeter (mm/s; with V/1.6 representing an estimated average velocity; Ref.
11), and r represents arteriolar radius (m; Ref.
3). The total volume perfusion in the daughters was determined as the sum of the individual perfusion rates, and the proportion of flow within each was determined as the quotient of the individual branch divided by the total. ␥ is defined as the ratio of the greater of the two flows in the daughter vessel to the total flow in the parent vessel. As an example, if flow distribution were homogeneous between daughters, ␥ for that bifurcation would be 0.5 in both daughter arterioles, while if the proportion of flow in one daughter arteriole were 60%, ␥ for that bifurcation would be 0.6, with flow distribution being 0.6 in the high-perfusion arteriole and 0.4 in the low-perfusion arteriole (5) . Please see Fig. 1 for additional clarification.
To predict the outcomes of the successive levels of ␥ for distal microvascular perfusion distribution in the distal microcirculation, the individual measured levels of ␥ from the experiments using the cremaster muscle were inserted into a simulation of a dichotomous branching network with each outflow (daughter) arteriole arising from an inflow (parent) arteriole receiving either ␥ or (1-␥) as the distribution of perfusion. These respective values of daughter arteriolar perfusion then become in the inflow perfusion (parent) values for the next-generation bifurcation. The process was repeated over a total of eight bifurcations, resulting in 2 8 or 256 parallel arterioles. This simulation used the measured value of ␥ for the 1A-2A, the 2A-3A values of ␥ for the next two generations, the 3A-4A values of ␥ for the next two generations, and three 4A-5A values of ␥ to generate flows in the final three generations.
For the 125 I-labeled albumin washout, four standard parameters describing characteristics of tracer washout curves, including mean transit time (t ), relative dispersion (RD), skewness (␤ 1), and kurtosis (␤2), were computed as functions of the transport function h(t) (6) . The tail of tracer washout curves is extrapolated in the form of single exponential time course to allow for computing the four parameters by the integration for a sufficiently long time for Eq. 3 to converge (24) . In this study, experimentally measured time courses are extrapolated to 100 s, at which C(t) is estimated to be less than 10 Ϫ9 of the maximum washout tracer activity. The transport function h(t) is estimated from
where C(t) is the time course of activity of intravascular tracer in outlet flow exiting the collecting tube. The mean transit time, t , is calculated from experimentally measured washout curves according to
The RD of h(t) is a measure of the relative temporal spread of h(t) and computed as the ratio of standard deviation of h(t) to the mean transit time from
The skewness (␤ 1) is a measure of asymmetry of h(t) and computed from
Skewness is a measure of the asymmetry of the perfusion distribution.
In other words, it is a measure of the extent to which the perfusion distribution is skewed (as opposed to simply being shifted) to higher or lower values of perfusion. The kurtosis (␤ 2) is a measure of deviation of h(t) from a normal distribution and computed from
Kurtosis is a measure of the "sharpness of the peak" of the perfusion distribution. The familiar Gaussian bell-shaped curve has ␤2 ϭ 0; positive values of ␤2 indicate a sharper peak than a Gaussian curve. The four parameters are estimated on the basis of the above equations for each animal in each experimental group. All data throughout the manuscript are presented as means Ϯ SE. Statistically significant differences in measured and calculated parameters were determined using a one-sample t-test (differences from zero), Student's t-test or ANOVA with Student-Newman-Keuls post hoc test used as needed. Analyses of the simulation results for distal arteriolar perfusion distribution (Fig. 6 ) used descriptive statistics [variance, skewness, kurtosis, range, maximum, minimum, quartiles (25%, 50%, and 75%) and the 75-25% interquartile difference]. Statistically significant differences between the frequency distributions for the simulations were evaluated using the Kruskal-Wallis test, although because indices of central tendency were not different between groups (due to the normalization procedures), multiple post hoc comparisons were not possible. In all cases, P Ͻ 0.05 was taken to reflect statistical significance.
RESULTS
Baseline characteristics describing the animals used in the present study are summarized in Table 1 . At ϳ17 wk of age, male OZR were significantly heavier than LZR and, in addition to a moderate hypertension, hypercholesterolemia, and hyperglycemia, also exhibited a severe elevation in plasma levels of insulin, triglycerides, and nitrotyrosine. Data describing the perfusion characteristics of the individual cremasteric arteriolar segments (described above) under the experimental conditions of the present study are summarized in Table 2 . These data clearly demonstrate general differences between arteriolar diameter and perfusion characteristics that are distributed longitudinally throughout the cremasteric microcirculation under the conditions of the present study. Figure 2 presents the magnitude of the perfusion distribution coefficient (␥) at bifurcations spanning 1A (100 m) parent arterioles to 2A (80 m) daughter arterioles in LZR and OZR under control conditions and in response to the interventions employed in the present study ( Fig. 2A) and the extent to which specific interventions restore ␥ in OZR to levels determined in LZR (Fig. 2B) . Specifically, the ordinate in Fig. 2B is defined as:
where ␥ OZRϪ* represents one of the treatments indicated. Full (100%) recovery indicates that the indicated treatment restores ␥ to the LZR value. Zero (0%) recovery indicates that the treatment has no effect on ␥.
In these proximal resistance arterioles, ␥ was significantly elevated in OZR compared with LZR, although this was restored by treatment of the cremaster muscle with the adrenoreceptor antagonist phentolamine (either alone or in combina- tion with any other agent). In contrast, treatment with TEMPOL, SQ-29548, or L-NAME, either alone or in any combination, was without effect in terms of restoring the normal magnitude of ␥ unless phentolamine was also present.
The magnitude of ␥ (Fig. 3A) and its recovery following intervention (Fig. 3B) , in arteriolar bifurcations spanning 2A (80 m) parent to 3A (60 m) daughter arterioles in cremaster muscle of LZR and OZR are summarized. In contrast to the data presented in Fig. 2 , the ability of phentolamine to restore normal levels of ␥ in OZR at this level of the cremasteric microcirculation, while still statistically significant, was blunted compared with responses at the more proximal bifurcation. Neither TEMPOL nor SQ-29548 elicited a significant improvement in ␥ at this level of the microcirculation when applied individually. Further, when either TEMPOL or SQ-29548 was coadministered with phentolamine, these restorative effects appeared to be partially additive, as the improvement to ␥ was substantially elevated compared with any single intervention. Interestingly, L-NAME treatment alone did not result in a significant change to ␥ in OZR, and this was not impacted by amelioration of vascular oxidant stress by coadministration with TEMPOL.
The magnitude of ␥ (A), and its recovery following intervention (B), in 3A (60 m) parent to 4A (40 m) and 4A to 5A (20 m) daughter arteriolar bifurcations in cremaster muscle of LZR and OZR are presented in Figs. 4 and 5 , respectively. At these levels of the cremasteric microcirculation, adrenoreceptor blockade was without significant effect in terms of restoration of ␥ in OZR to the levels determined in LZR. However, improvements to endothelial function from TEMPOL and SQ-29548, alone or in combination nearly restored the normal levels of ␥ in the OZR microcirculation at these positions within the networks. As with the data presented above, we were unable to determine an apparent role for nitric oxide bioavailability in terms of regulating ␥ in the cremasteric microcirculation of OZR.
Using the data presented above for ␥ distribution at the different levels of the cremasteric microcirculation of LZR and OZR under the employed experimental interventions, Fig. 6 presents the predicted outcomes on perfusion distribution within the terminal arterioles, and Table 3 summarizes the results of the statistical analyses of the distribution outcomes presented in Fig. 6 . These predictions are based on a dichotomous branching network of eight bifurcations between the major perfusing arteriole and the terminal arterioles, resulting in a total of 256 terminal arterioles. These data clearly predict that the shifts in ␥ identified through direct examination of the cremaster muscle result in profound alterations in the outcomes for distal arteriolar perfusion distribution. While the distribution for volume flow in any single arteriole, relative to the mean flow across all 256 arterioles, was relatively tight in LZR compared with OZR (Fig. 6, A vs. B) , demonstrating much lower degrees of variability, skewness, and kurtosis, with a much lower interquartile difference (Table 3) , treatment with the individual interventions of phentolamine, TEMPOL and SQ-29548 (Fig. 6, C-E, respectively) all results in moderate improvements to the variability, skewness, kurtosis, and interquartile difference of the distributions (Table 3) . However, the greatest magnitude of improvement was identified under conditions of adrenoreceptor blockade combined with either TEMPOL or SQ-29548 (or both). These perfusion outcome predictions and statistical analyses also suggest that vascular nitric oxide bioavailability, either under control conditions in OZR skeletal muscle at rest or following reductions to vascular oxidant stress that have been repeatedly demonstrated to increase nitric oxide (NO) bioavailability, may not play a significant role in terms of regulating ␥ or the distal arteriolar perfusion outcomes. Figure 7 presents the mean tracer washout curves for 125 I-labeled albumin from the isolated gastrocnemius muscle of LZR and OZR following the pharmacological treatments described above. Figure 8 summarizes data describing the aggregate washout curves. Mean transit time of the tracer across the gastrocnemius was very similar across all groups, suggesting that the relationship between bulk blood flow to the gastrocnemius muscle and vascular volume under the experimental conditions of the present study were very similar across groups (Fig. 8A) . The relative dispersion of tracer across the muscle (RD; Fig. 8B ) was significantly elevated in OZR compared with LZR under control conditions, indicative of an increased perfusion heterogeneity throughout the microcirculation of the gastrocnemius mus- cle. Treatment of OZR with phentolamine (with or without TEMPOL or SQ-29548) significantly improved RD, although treatment with TEMPOL and/or SQ-29548 in the absence of the adrenoreceptor blockade was generally less effective. Both the skewness (Fig. 8C ) and the kurtosis (Fig.  8D ) of the tracer washout curves were reduced in OZR compared with LZR, and these shifts in the washout patterns were improved toward the level in LZR as a result of the experimental interventions, with the greatest impact being determined in response to combined treatment with phentolamine and TEMPOL/SQ-29548. On the basis of the data presented in Figs. 2-6 , this final group of experiments and analyses did not involve direct manipulations to vascular nitric oxide bioavailability. 
DISCUSSION
A recent study has demonstrated that the increased rate of skeletal muscle fatigue in OZR, defined as the percent decline in developed tension over the duration of the imposed bout of contraction, is not necessarily improved subsequent to an improved functional hyperemic response (15) . However, one of the central observations of that study was that the vascular dysfunction in the skeletal muscle microcirculation of OZR impacted muscle performance outcomes through two distinct patterns, such that impairments within the proximal microcirculation restricted volume perfusion, and responses in the distal microcirculation impaired normal patterns of perfusiondemand matching. Further, that study also implicated the possibility that the physiological and cellular mechanisms underlying the vascular dysfunction within the skeletal muscle microcirculation may be spatially distinct, with alterations to adrenergic constraint on perfusion dominating with regard to the regulation of bulk perfusion, and the endothelial dysfunction playing a stronger role in terms of the higher resolution matching of blood flow distribution to metabolic demand (15) . When taken into account with our previous studies demonstrating the potential for increased perfusion heterogeneity at microvascular bifurcations as a defining characteristic of the metabolic syndrome in skeletal muscle of OZR (16), a greater understanding of the impact of the metabolic syndrome on integrated microvascular function represented a critical need. As such, the present studies were designed to determine whether the initial observation of perfusion heterogeneity at arteriolar bifurcations is present throughout microvascular networks, what the contributing mechanisms to this effect are, if they are spatially distinct, and what the functional outcomes of the successive perfusion distribution events would be for blood flow at the level of the terminal arterioles.
The foremost observation from the present study was that the increased heterogeneity at microvascular bifurcations within skeletal muscle (␥) of OZR was identified over four distinct bifurcation classes spanning five arteriolar diameter ranges. While ␥ at bifurcations in LZR tended to be slightly lower than 0.54 across all levels of arteriolar/bifurcation ranges, this value was elevated toward 0.60 in OZR. The axis limits on the ordinates in Figs. 2-5 were chosen to reflect the observed range of ␥. While on the absolute scale, the observed differences in ␥ are relatively small, these differences are significant statistically, and their cumulative effects translate into physiologically significant differences in function. The consistency of the elevated ␥ within the microcirculation of OZR afflicted with the metabolic syndrome suggests that this increased heterogeneity of perfusion at bifurcations may represent a defining characteristic of PVD in this animal model. This observation suggests that, as blood flow enters into the microvascular networks of the skeletal muscle of OZR, there is an increased heterogeneity of distribution at bifurcations involving the larger-resistance arterioles, where the result is the generation of "high flow" and "low flow" daughter arterioles arising at this bifurcation. Essentially, this represents a source for increased variability compared with perfusion distribution in LZR, and through a repetitive iteration at successive bifurcations will result in a striking increase to the heterogeneity of arteriolar perfusion within the distal microcirculation; predicted in Fig. 6 .
Our recent study that initially identified the presence of an altered ␥ in the skeletal muscle microcirculation of OZR Table 3 . Statistical analysis of the individual frequency distributions of predicted distal arteriolar perfusion heterogeneity presented in Figure 6 LZR Data are presented for variance, skewness, kurtosis, and ranges of the individual distributions, as well as the quartiles and the interquartile difference (IQ Diff.). Results from the Kruskal-Wallis test indicate that there are significant differences across the different distributions (P Ͻ 0.001). P denotes treatment with phentolamine; T denotes treatment with TEMPOL, SQ denotes treatment with SQ-29548; LN denotes treatment with L-NAME, with combinations representing treatment with multiple agents. Fig. 7 . Data describing the washout of 125 I-labeled albumin from the in situ gastrocnemius muscle of LZR and OZR under the conditions of the present study. Data are presented as means Ϯ SE for LZR (n ϭ 10) under control conditions and OZR under control conditions (total n ϭ 28) and following intravenous treatment with the adrenoreceptor antagonist phentolamine (P; n ϭ 10), the antioxidant TEMPOL (T; n ϭ 9), the PGH2/TxA2 receptor blocker SQ-29548 (SQ; n ϭ 9), or for combinations of these agents (n ϭ 8 -10 for each).
suggested that this effect was a function of combined alterations to adrenergic tone and the evolving endothelial dysfunction in the metabolic syndrome, as acute interventions against these negative outcomes changed ␥ to levels that were similar to those determined in LZR (16) . Although the present results provide compelling evidence of the consistency of the alteration to ␥ throughout a microvascular network within OZR skeletal muscle, data from these experiments also demonstrated a significant heterogeneity in terms of the physiological/cellular mechanisms that contribute to the establishment of ␥ in the metabolic syndrome. In the proximal resistance arterioles, spanning 1A and 2A arterioles, the alteration in ␥ in OZR was strongly a function of alterations to adrenergic behavior at the microvessel, as treatment with the adrenoreceptor antagonist almost completely removed the change in this parameter and resulted in ␥ of ϳ0.5. What was particularly striking in the present results was that acute interventions designed to ameliorate microvascular dysfunction, the antioxidant TEMPOL, and the PGH 2 /TxA 2 receptor antagonist SQ-29548, had no discernible impact on ␥ at the level of the 1A and 2A arteriolar bifurcations and only were associated with an improved ␥ under conditions where adrenoreceptor blockade was also evident. This relationship gradually changed with longitudinal position in the microvascular networks, such that in smaller-diameter bifurcations (2A-3A and 3A-4A), the impact of phentolamine on improving ␥ at bifurcations was progressively diminished, while the effects of TEMPOL and SQ-29548 on restoring ␥ to levels identified in LZR was increased. This effect continued to the most distal levels of the microcirculation (4A-5A), where adrenoreceptor blockade was entirely without significant effect and restoring endothelial function resulted in a maximal recovery in ␥. In support of our previous initial observations, combined treatment with an adrenoreceptor antagonist and either an antioxidant or the PGH 2 / TxA 2 receptor blocker restores ␥ to levels determined in LZR throughout the microvascular network. With the incorporation of the results from the present study, the amelioration of different contributing mechanisms of dysfunction, while varying in proportion across levels of the microcirculation, suggests that a multifaceted approach against the microvasculopathy in OZR is required to significantly improve integrated perfusion outcomes.
One of the more intriguing results of the present study is the lack of demonstrated evidence for a role for vascular nitric oxide bioavailability in the establishment of ␥ in OZR. The observation that treatment of OZR with L-NAME was without effect on ␥ in microvascular networks in that strain was not surprising, as multiple previous studies have demonstrated that vascular NO bioavailability is dramatically reduced in OZR at this age and treatment and that further antagonism of nitric oxide synthase is without effect (18) . However, as previous studies have demonstrated that antioxidant treatment improves vascular NO bioavailability in OZR (16, 17, 22) , the lack of an effect on ␥ following treatment with TEMPOL and L-NAME (where TEMPOL alone improved ␥) provides compelling evidence that physiological levels of NO bioavailability may not play a significant role in establishing ␥ in OZR. The current study employed pharmacological interventions targeted at determining the role of NO bioavailability (L-NAME and TEMPOL) treatments. As such, this study does not rule out the possibility that NO in other "stored" forms, such as nitrosothiols could contribute to changes in vascular function and perfusion distribution, as any roles for these sources for NO were not directly interrogated.
Although there is considerable ongoing effort to identify the molecular signaling cascades that underlying specific identified sites of vascular dysfunction in the metabolic syndrome (2, 29, 30, 32), these efforts can suffer from a lack of contextual relevance, as it becomes exceptionally difficult to integrate these myriad observations from highly reduced preparations into either a functioning tissue type (e.g., vascular smooth muscle cell, isolated microvessel) or into an integrated system (e.g., blood-perfused skeletal muscle). The present study incorporates individual levels of ␥ into a predictive outcome for tissue perfusion distribution in the distal microcirculation. Using a dichotomous branching network of eight successive bifurcations and the determined levels of ␥ from the present study, we are able to predict the perfusion distribution in a network consisting of 256 terminal arterioles (5A). In these initial simulations, the resulting frequency distributions reveal that distal arteriolar perfusion in OZR was substantially more heterogeneous than in LZR, with a distribution characterized by an increased interquartile difference that reflects the genesis of a large number of ischemic pathways and a small number of very high flow pathways that may represent functional thoroughfares. While adrenoreceptor blockade and improving endothelial dysfunction with TEMPOL or SQ-29548 each resulted in some improvement to the perfusion distribution characteristics in the distal microcirculation, only combined interventions with both phentolamine and TEMPOL/SQ-29548 allowed for a maximal improvement (i.e., recovery) in the frequency distribution and its descriptive characteristics (Table  3 ) toward levels predicted in LZR. Obviously, distal arteriolar perfusion distribution within the skeletal muscle will be neither discrete nor clustered, and this is an artifact of the simulation employed. However, our simulation does illustrate both a real broadening of the distribution with the presence of PVD in OZR, and the capacity for ameliorating these negative outcomes with appropriately targeted interventions.
Although these predicted perfusion distributions are based on observation of ␥ at individual microvascular bifurcations in resting muscle, they may provide a partial explanation for the results from our recent study that evaluated the fatigue resistance of in situ skeletal muscle of OZR across levels of elevated metabolic demand (15) . In that study, while the gastrocnemius muscle fatigue rate was elevated in OZR compared with that in LZR, single pharmacological interventions were of extremely limited effectiveness in improving the ultimate functional outcome of increased muscle performance. While adrenoreceptor blockade with phentolamine improved bulk perfusion and active hyperemia, improvements to muscle oxygen extraction, uptake (V O 2 ) and oxygen conductance (DmO 2 ) were minimal. Further, improving endothelial function with TEMPOL or SQ-29548 tended to improve extraction, V O 2 and DmO 2 , although minimal impacts on bulk perfusion and muscle performance were identified. A significant improvement in muscle fatigue resistance was identified only when combined interventions with phentolamine and TEM-POL/SQ-29548 were applied, and this was also associated with the improvements to bulk perfusion, O 2 extraction, V O 2 and DmO 2 (15, please see Ref. 37 for a full review). When combined with the results of the present study, these data strongly suggest that the multifaceted approach to reducing proximal resistance to bulk perfusion in combination with improving distal microvascular perfusion-demand matching represent a requisite condition to lessen the impact of PVD on muscle performance outcomes.
One of the main considerations that must be addressed in the present study is that of the level of resolution for the data. The in situ cremaster muscle preparation allows for very high resolution measurements of multiple arterioles throughout the tissue for both their mechanical (dimension) and hemodynamic (RBC flux, volume blood flow) status. However, this preparation does not lend itself well to the integrated study of the entire network at one time. We have employed the in situ gastrocnemius muscle preparation for the integrated assessment of network function using tracer washout kinetics, as the anatomy and the range of blood flow volumes to the muscle allow for an effective tracer washout protocol that is not possible in the cremaster. Although the strong associations between ␥ in cremaster muscle, its physiological mechanistic contributors, and its distribution with the results in the in situ gastrocnemius muscle in our previous study is compelling, the intravascular washout experiments summarized in Figs. 8 and 9 provide independent data that reflect the flow distributions throughout the gastrocnemius muscle circulation. Since the washout of 125 I-labeled albumin (which is confined to the intravascular space) introduced into the femoral artery immediately proximal to the gastrocnemius muscle reflects the whole-network flow distribution, any potential for a selection bias is eliminated. As presented in Figs. 7 and 8, striking differences in the washout kinetics were determined between LZR and OZR under the conditions of the present study. In general, OZR manifested an earlier appearance time of tracer than in LZR, as well as a longer retention in the microcirculation. Speculatively, this change could reflect the combined influence of both the "high-flow" and "low-flow" pathways that are demonstrated at bifurcations, and it is consistent with the frequency distributions of predicted distal arteriolar perfusion summarized in Fig. 6 . While treatment of OZR with phentolamine, TEMPOL, or SQ-29548 all exhibited the ability to partially restore the washout kinetics to levels determined in LZR, combined therapy, which would result in an improved microvascular function and ␥ across all levels of the networks, resulted in the greatest restoration of the tracer washout kinetics. One particularly intriguing element of the present study was also revealed through the use of the tracer washout approach. Given that the mean transit times for tracer washout was at least 15 s under all conditions, despite arteriolar perfusion velocities that would suggest a more rapid tracer appearance, this suggests that a significant dispersion of the tracer may have also occurred across the capillary beds and within the postcapillary venular networks. While alterations to venular function have been unexplored in this model, interrogating how alterations to venular reactivity and hemodynamics can impact perfusion responses may represent an exciting area for future investigation. The reader is directed to our computational modeling manuscript (39) , where these tracer washout kinetics are analyzed using a computational model for microvascular perfusion distributions in OZR vs. LZR skeletal muscle, revealing additional insights into network flow distributions associated with these washout data.
The description of a novel perfusion distribution parameter, ␥, alterations to which contributes to a substantially increased heterogeneity in blood flow distribution within the distal microcirculation of the skeletal muscle of OZR, is strikingly relevant to the concept of the "network Fahraeus effect" described by Pries et al. in the late 1980s (33) . As a brief summary, the nonuniform distribution of perfusion at successive bifurcations within a microvascular network, contributes to a reduction in the mean microvascular hematocrit (H MV ) measured within the distal microcirculation and capillaries (12, 28) . This process is distinct from the classically described vessel Fahraeus effect, wherein the differential mean velocities of plasma and erythrocytes within individual microvessels causes a reduction in the instantaneous "tube" hematocrit within a microvessel (4, 27) . However, the combined influence of the normal contributing mechanisms to hematocrit reduction within the microcirculation and the effects of an increased ␥ or accentuated network Fahraeus effect could lead to a reduction from normal H MV within OZR vs. LZR that could contribute to the impaired muscle fatigue resistance demonstrated in our previous studies (15, 20) . It is important to state that the results from present study do not account for the effects of plasma skimming at bifurcations, inherent within the network Fahraeus effect (33), on our measurements of arteriolar blood flow and that this process may have impacted the washout kinetics of 125 I-labeled albumin in an uncontrolled fashion (as this is an intravascular tracer). Bearing this in mind, further studies will be required to interrogate the speculative argument outlined above, as well as the potential impact of targeted interventions in improving H MV in OZR.
In keeping with this concept, the results from a several earlier studies resulted in a competing argument regarding the degree of heterogeneity in capillary perfusion. While results from Tyml's group suggested that capillary perfusion heterogeneity was reduced with elevated metabolic demand and the inherent vasodilation, suggesting a significant, yet unidentified, control mechanism (36), results from Duling's group did not support this concept, suggesting that capillary perfusion heterogeneity was not a controlled variable in skeletal muscle (10) . The results of the present study may be conservatively interpreted as supporting the former argument, where treatment with phentolamine in OZR increased flow and narrowed the perfusion frequency distribution (Table 3) . Further, as an improvement to endothelial function in OZR following treatment with TEMPOL and/or SQ-29548 also decreased perfusion heterogeneity, this also suggests that the normal vascular and endothelial function may contribute to the regulation of capillary perfusion heterogeneity. However, as these previous studies (10, 36) used a metabolic stimulus as the primary intervention, while the current study was conducted in resting muscle, additional experiments must be performed to provide a stronger argument regarding the degree of control over capillary perfusion heterogeneity.
Perspectives and Significance
The results of the present study provide for a new conceptual framework with regard to the study of PVD in the metabolic syndrome. Foremost, these results highlight the critical importance of integration across levels of resolution in efforts to interrogate complex disease states. While previous work has identified multiple signaling pathways and elements that may contribute to specific indices of vascular dysfunction (2, 29, 30, 32) , there has been a limited effort to determine how these actually impact perfusion responses in specific vessels (16, 41) and almost no study of how these integrate to produce an impaired perfusion response across an entire network. A description of network flow heterogeneity introduced here, with values of the bifurcation ratio ␥ determined as a function of arteriolar generation, can help to reveal specific mechanistic contributors to PVD, including alterations to adrenergic constriction, vascular oxidant stress, and increased actions of TxA 2 . This new conceptual framework is strongly predictive of the most translationally relevant outcomes associated with amelioration of PVD, and it will be useful in designing and interpreting future studies of PVD in the metabolic syndrome.
